Survival and reproductive rates often decrease with increasing population density. Such negative density dependence reflects a changing net balance between the benefits and costs of presence of others with increasing density. When densities are low, however, survival and reproductive rates might increase rather than decrease with increasing density (Allee effect), for example in colonial species. Relationships between fitness and density are therefore expected to change with population density. We studied the relationship between apparent annual survival and population density in a population of Mediterranean Gulls Larus melanocephalus from establishment onwards for a period of 13 years, using capture-recapture techniques. The results confirmed our expectation: apparent survival increased with density at low densities (i.e. an Allee effect), but survival decreased with density at high densities. Post-hoc analyses revealed that the Allee effect could only be shown for juveniles, not for adults, suggesting that the Allee effect might have been age-specific. These patterns in apparent survival reflect the combined effects of density on true survival and on permanent emigration, and both mechanisms are discussed.
INTRODUCTION
Density dependence is a key factor in determining population dynamics in many species of bird (Newton 1998) . Survival and reproductive rates have often been shown to decrease with increasing population density (survival: e.g. Nicoll et al. 2003 , Armstrong et al. 2005  reproduction: e.g. Both 1998 , Both & Visser 2003 , Nummi & Saari 2003 . Such negative density dependence reflects a changing net balance between the costs and benefits of presence of others with increasing density, assuming that density affects per capita resource availability. When densities are low, however, survival and reproductive rates might increase rather than decrease with increasing density if individuals also gain benefits from the presence of conspecifics (Allee et al. 1949) . In colonial species, where individuals presumably gain benefits from nesting close to conspecifics (Danchin & Wagner 1997) , one may therefore expect positive density dependence at low densities (so-called Allee effect) followed by negative density dependence at higher densities, resulting in a parabolic relationship between fitness and density (Courchamp et al. 1999) .
The Allee effect is likely to have major consequences for the dynamics and survival of populations and species as it increases risk of extinction of small and/or newly-established populations (Courchamp et al. 1999 , Stephens & Sutherland 1999 . Unfortunately, relatively few studies have assessed whether Allee effects exist in natural populations (Courchamp et al. 1999 , Serrano et al. 2005 ). This situation is not surprising, because Allee effects are easily missed either simply due to lack of data (large data sets are needed to reliably estimate fitness parameters at low densities) or lack of appropriate data (data on the lowest densities are often not available) (Courchamp et al. 1999) .
The aim of this study was to estimate the shape of the relationship between annual survival and breeding density in a colonial bird, the Mediterranean Gull Larus melanocephalus. To do so, we followed the fate of a newly established and subsequently fast-growing population of Mediterranean Gulls from establishment onwards for a period of 13 years. We made use of a large data set (from which annual apparent survival rates could reliably be calculated) that consisted of a wide range of natural densities (including the very lowest). Allee effects might exist because the presence of others reduces search costs during foraging (Lack 1968 , Ward & Zahavi 1973 , Wittenbergen & Hunt 1985 , Courchamp et al. 1999 , risk of predation (Wiklund & Andersson 1994 , Krause & Ruxton 2002 , and/or time spent on vigilance (Wittenbergen & Hunt 1985 , Wiklund & Andersson 1994 , Newton 1998 , Courchamp et al. 1999 , Krause & Ruxton 2002 . We considered that these benefits of the presence of others were likely to differ between juveniles and adult Mediterranean Gulls, as juveniles largely lack information on predation risk and profitability of feeding areas in the first months after independence because of inexperience (Brown et al. 1990 ). Allee effects might therefore be strongest in juveniles. We thus estimated the shape of the relationship between annual apparent survival and density separately for juveniles and adults. Apparent survival rates comprise the combined effect of true survival and permanent emigration, and both mechanisms are discussed when interpreting our results.
METHODS

Study species
The Mediterranean Gull is a middle-sized and longlived migratory gull. Its major breeding area used to be along the NW coast of the Black sea (primarily Ukraine), but over the last 50 years its range expanded rapidly towards NW Europe (Meininger et al. 1999 ). The Belgian and Dutch Mediterranean Gulls breed exclusively in mixed colonies predominated by Blackheaded Gulls Larus ridibundus (Fig. 1) . Within these colonies, breeding pairs of Mediterranean Gulls are clustered within monospecific patches (P.L. Meininger & R. Flamant, unpubl. data) . Interestingly, Mediterranean Gulls are socially dominant over Black-headed Gulls and therefore are not likely to suffer from interspecies competition for nesting space. Furthermore, inter-species competition for food is probably also restricted during the breeding season, because Mediterranean Gulls have substantially larger foraging areas compared to Black-headed Gulls (Von Blotzheim & Bauer 1982) . The size and distribution of colonies within Belgium and The Netherlands varies from year to year (P.L.M. & R.F., unpubl. data).
Outside the breeding season, Dutch-Belgian Mediterranean Gulls mainly winter along the coast of GreatBritain, France, Spain and Portugal. First-year birds (juveniles) often do not return to the breeding colonies (Mediterranean Gull Colour-ring Database).
Data collection
Mediterranean Gulls were colour-ringed in the Southwest of The Netherlands and the North of Belgium from 1990 to 2003 (Fig. 2) . Nestlings where caught by hand in the colony about 1-2 weeks prior to fledging. The nestlings were only captured under good weather conditions (i.e. not too hot, cold, windy and no direct sunshine) to prevent effects of capture on nestling survival. Following capture, each bird was given a metal ring and a Darvic colour ring (white or green) engraved with a unique combination of 3-4 digits and letters. Known breeding colonies were visited with varying intervals, from almost daily to once or twice in a season. During these visits, colour-rings were read with a telescope by an observer posted at some distance from the colony or in a mobile hide. Notably, resighting effort increased steadily over the study period due to increasing numbers of observers searching for colour-ringed birds (P.L.M. & R.F., unpubl. data).
Survival analyses
Encounter probabilities have to be accounted for when estimating survival, because some individuals escape detection while they are alive. We used MARK version 4.3 (White & Burnham 1999 , Cooch & White 2006 ) to estimate apparent annual survival (φ) and encounter probability (p) from 1990 through 2003, using capture and resighting data of birds ringed as fledgling in the Dutch-Belgian population. For each year, those marked birds that were observed in The Netherlands or Belgium between March through July (the breeding season) were included as 'encountered', and all other birds as 'not encountered'. Sample sizes for the analysis were 2841 marked individuals and 5901 resightings. Notably, any resighting in The Netherlands and Belgium were included in our statistical analyses, implying that our apparent survival estimates should not be considered estimates for local populations but rather for the two countries as a whole.
Of the 2481 nestlings ringed throughout this study, 164 were resighted in The Netherlands and Belgium in the breeding season one year after they were ringed, 325 two years after they were ringed and 323, 276, 193, 114, 50, 25, 15, 8 after three, four, five, six, seven, eight, nine and ten years, respectively. Model selection. We considered two sets of a priori selected models. The first set of models was constructed to evaluate the potential for density-dependence of survival and age-specific density effects, and focussed on year-to-year variation in survival. The full model φ(a xT)p(a xT) estimated separate survival and resighting probabilities for each category of age (a; juveniles (first year birds) vs. older birds) and year (T). This model was compared with three derived models, φ(a+T)p(a xT), φ(a)p(a xT) and φ(T)p(a xT) (Table 1) to assess support for (interacting) effects of age and year on survival (see Introduction). Notably, at the onset of the study, relatively few birds were ringed. We therefore had to pool the first 5 years of data for juveniles and the first 4 years of data for adults (survival term only, first set of models only).
Finding significant year-to-year variation in survival (see Results), the second set of models was constructed to evaluate whether density explained part of the yearly variation in survival. The starting model, φ(axd+axd 2 )p(a xT), modelled linear (d) and quadratic (d2) effects of density on survival separately for the two age classes. All biologically relevant derived models were constructed (Table 2) , including linear (models 7 and 14) and quadratic effects (model 1 and 12) of density, as well as age-specific linear and quadratic effects of density (modelling age-specific Allee effects or negative density dependence; models 2, 3 and 8).
We considered that any effects of density might alternatively be explained by time trends. We therefore constructed a second starting model, φ(axt+axt 2 )p(a xT), that estimated linear (t) and quadratic (t 2 ) effects of time (year fitted as a continuous variable) on survival separately for the two age classes, and compared the model fit of this model and its derivates (listed Table 2 ) with models including density effects. In all models, resighting probability is modelled to account for age (a) effects and year-to-year variation in observer effort (T). (Burnham & Anderson 2002) . We then used the weights of all models within each model set to calculate a measure of total support for each factor of interest (age, density, year, time). Total support was calculated by summing up the weights of all models that included the factor of interest (Burnham & Anderson 2002) . The support value represents the probability that the factor of interest affected survival, ranging between 0 (no support) and 1 (total support).
Analysis of age effects. A priori we expected survival and/or resighting probabilities to vary between juveniles (first-year birds), sub-adults (second-year birds) and adults (older than two years), because Mediterranean Gulls normally start breeding in their third summer (Glutz von Blotzheim & Bauer 1982) . While exploring the data, our initial models thus estimated survival and resighting parameters separately for each combination of year and age class. Unfortunately, sub-adult survival and/or encounter parameters were not estimable for the majority of models. This was probably because the combination of low juvenile survival and low recapture probability resulted in lack of data for the sub-adult category (Results not shown). We were therefore forced to pool the adult and subadult categories in further analyses.
Goodness of fit. Goodness of Fit (GoF) was tested for the full model φ(a xT)p(a xT), using 1000 bootstrap analyses. GoF showed a non-significant lack of fit (P = 0.421), implying an adequate fit of the model to our data (White & Burnham 1999) .
RESULTS
We found unequivocal support for both year-to-year variation in, and age-specificity of, apparent survival (support value was 1.00 for both age and year) (average φ juveniles 0.55 ± 0.02; average φ adults 0.84 ± 0.012; Fig. 3 ). This strong support for age and year effects was not, however, caused by age-specific effects of year: support value for the model including an age by year interaction -φ(a xT)p(a xT) -was very low (AIC weight: 0.15; Table 1) .
Density -not time -explained variation in survival between years (support for models including d or d+d 2 was 1.00; support for models including t or t+t 2 was 0.00; Table 2 ). The effect of density was non-linear (support for models including d+d 2 was 1.00). Consistent with a lack of support for age-specific effects of year on survival (see above), the absence of age-specific effects of density on survival was better supported than the presence of these effects (support for models that include the terms axd and/or axd 2 was 0.39, models excluding these terms: 0.61). Notably, although changes in density explained variation in year-to-year survival, other factors besides density, must also have affected survival. This notion is warranted because the model including year-to-year variation, model φ(a+T)p(a xT), fitted the data better than the model including density effects φ(a+d+d 2 )p(a xT) (AIC cvalues were 7382.40 (Table 1 ) and 7385.80 (Table 2) , respectively).
We constructed a post-hoc model to evaluate whether the parabolic effects of density were caused by positive effects of density at low densities (Allee effect) and/or negative effects of density at higher densities (negative density-dependence). To do so, we substituted the linear and quadratic components of density for two alternative density variables. The first variable (d low ) equalled d at all densities left of the parabolic peak (633; see Fig. 3 ) but equalled the parabolic peak value for all densities right of the parabolic peak, thus effectively estimating a linear effect of density left of the parabolic peak (at low densities). The second variable (d high ), equalled d minus d low , and effectively estimated a linear effect of density right of the parabolic peak (at high densities). We estimated coefficients for 
DISCUSSION
Apparent annual survival of Mediterranean Gulls was affected by density in both juveniles and adults (Fig. 3) . Survival rates of juveniles increased with density at low densities, and subsequently decreased with a further increase of density. In contrast, survival rates of adults did not change with density when densities were low, and only decreased with density at the higher densities. This study therefore supports the presence of an Allee effect, a positive relationship between fitness and density (Allee et al. 1949) , though only with certainty for juveniles.
In growing populations, such as the population of Mediterranean Gulls described here, relationships between apparent survival and density might be found because of other environmental factors that may have changed in concert with density over the years. For instance, climate change has been documented to explain trends in fitness parameters over time (Both & Visser 2001) . For the Mediterranean Gulls, linear and quadratic effects of density fitted significantly better than linear and quadratic effects of time trends over the years, which suggests that density effects reported in this paper were not confounded by time trends in apparent survival. Nevertheless, we realize that definite proof of a causal relationship between survival and density will have to await experimental manipulation of density (see for instance Both 1998 Both , 2000 .
Costs and benefits of conspecifics
The non-linear relationship between apparent survival and density of Mediterranean Gulls implies that the balance between costs and benefits of the presence of conspecifics may have varied with density. Our finding that Allee effects might exist for juveniles but not for adults suggests that juveniles may benefit more from the presence of others compared to adults. We suggest that an age-specific Allee effect might exist in this species, although we realize that our support for agespecificity is relatively modest at best. If indeed existing, age-specific Allee effects might reflected age-specific differences in the benefits of public information (e.g. Ward & Zahavi 1973 , Avery 1994 , Danchin et al. 2004 ). This could, for instance, be the case because (inexperienced) juveniles largely lack information on predation risk and profitability of feeding areas (two important factors affecting survival (Spear et al. 1995) ) in the first months after independence. Similarly, the often-recorded negative density-dependence of survival at higher densities was likely mediated by increasing costs of presence of conspecifics with increasing density, e.g. because of competition for limiting resources (Wittenbergen & Hunt 1985 , Newton 1998 , Krause & Ruxton 2002 ), competition for the best feeding grounds (Gill et al. 2001) , shifts to breeding suboptimal breeding habitat (Gill et al. 2001) , or increased risk of disease (Brown & Brown 2004 , Rozsa et al. 1996 , Tella 2002 . Such factors might have affected apparent survival either by affecting survival, permanent (long-distance) dispersal, or both.
The relationship between apparent survival and breeding density might suggest that density-dependence took place in the breeding season. However, the densities of breeding birds in the Dutch-Belgian populations may well correlate with densities in the wintering areas, but such data are currently lacking. Therefore, density-dependence of apparent survival rates may have taken place either directly following fledging and/or within the wintering areas along the Atlantic coast of Western Europe. Hence, further work is clearly needed to understand how the observed pattern of density-dependence came about.
Density-dependence and range expansion
Empirical evidence suggests that population density affects not only survival but also dispersal decisions of individual birds (Matthysen 2005 , Tavecchia et al. 2007 . Individuals may either disperse from high-to low-density sites to reduce the costs of density (Murray 1967 , Greenwood & Harvey 1982 or disperse from low-to high-density sites to increase the benefits of density thus inducing local Allee effects (Kuussaari et al. 1998) . Our evidence for negative density-dependence of survival at high densities suggests that densitydependent long-distance dispersal (i.e. movements away from the Dutch-Belgium population) may in part have facilitated the recent change (i.e. extension) in breeding range from eastern to western Europe of Mediterranean Gulls over the last 50 years (Meininger et al. 1999 . Mediterranean Gulls are known to show relatively low breeding site fidelity (P.L.M. & R.F., unpubl. data). Hence, the density-and age-dependent survival rates recorded in this study thus represent effects of density on true survival rates, permanent emigration rates, or both. Notably, our survival estimates cannot be explained by effects of density on temporary dispersal, as non-permanent dispersal is captured within our encounter parameter p. Permanent emigration has, for instance, been described to affect colony dynamics in the Audouin's Gulls Larus audouinii: Oro et al. (2004) showed that the proportion of emigrants in this species increased when food availability decreased (i.e. when densities are high). Hence, dissection of the relative effects of density-dependent survival vs. emigration will represent an important next step in understanding the dynamics and survival of populations and species. 
